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(54) WHITE UGHT ILLUMINATION SYSTEM WITH IMPROVED COLOR OUTPUT 
(57)Abstract 

PROBLEM TO BE SOLVED: To provide a white light illumination system. 
SOLUTION: The white light illumination system includes a blue LED and a 
luminescent material. The system color output is improved when a line 
connecting the LED color coordinates and the luminescent material color 
coordinates approximates the black body locus on the CIE chromaticity 
diagram. The LED may have a peak emission wavelength between 470 and 
500 nm. The luminescent material may be (Y1-x-zGdxCez)3AI5012. where 
0.7>x>0.4 and 0.1>z>0. 
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BBLft«A*fcO. 0 1 y«l#ffl^ffiHl*ltCt3V^T«4 

mzitz. fn0800W3800K (A53) CO 
feffflKH*fJiB-rS3l83 3±(c«S^(cfeSJ^«S:*-r 

[00 2 2] H3 3*«BBLfl«fc£;b6IRfc:*i, H5 
£*S;fl& rfc < . *itifi'M%< t fc 2 0 0 0 Kfc'ft* 
il^feag^J£U^BBLi82 U^O. 005 
y «*{4feIT L*»«MT ir vSr lr * 2 o^jjj £-£tf «k 3 
6:i:***t»4U\ fckitf. »6 0 0 0KRtf4 
0 0 0 KOffl«»C-t*i-f*l*tlM-ijft4 9&tf5 1 li, 
BBLft«2 1**4>0. 0 0 5y(ft»fi[filTL***l6 



<Ik*:<a3 3±£fiBl/0**. j54 9Atf5 lcoBI 
fc*jv^TH3 3±fc:#arf*jftti4fc, H5fcr*S*i4 
rt<. BBLWIH0. 00 5y«mficoieBlrt(c 
fc^T»5 5&U f 5 7c0HtCfiBLT^&, 8£oT, <I 

[00 23] -HltCttU «(7)g2 5ttST4 0 0 

oK^6oooKh (omzim-th^Mmm^^u 

BBLK0. 0 1 y|*»fi[^)«Hrtfc:#ffiLTV^ 
t>. fcfcitf* fi!*cO«2 5±^fcV^T»5 200K 
(H4+^)jft5 9). k 64 0 OK (B4+*)jft6 1 ) k 

±^^T|^5 7 7 0K (@54 I ^6 3) t6780 
K (H5+*)j£6 4) fc^BK=ajtrifeKOWOA*« 
BBLHO. OOSyHWWffi^lSHrtKiffttLTV^ 
4. 5 20 0KJ:9iSir«^*t#t41BtTO* 
feKffi* (jS5 9i0iJr^flKffiR) (i. BBU^ 
0. 0 1yf4#ffiJ: , 9S<StilT{aMLT^I> 

BBLKO. 0 1 yWm{4c05gSi^a^'ri>l84 

*^{4a-f&J»2 5 ±cojfiliBH«ffl*cOfc*fc:aBS4a 

JfcaJBtBfcit'^ «*^*tti83i±cOiyi*cjk*LTJ:0 
ttS"C*ft. 5!(cafc, 5 200-64 OOKtftfSHft 

[0024] *mi<7>»2<7)im*mMwimi£ii£i. 

tf. H6fc:*S*t*ri:<, BBLi8t«jfit6«*< 
BBLfl»fc»LT*l/CVV&. fcfcitf* &6 5liB 
BLSMfcWLTftLTV**. ^M. «6 5litotf«» 
0K**iWkLT*SftT^6, 8t*&LE D<7)feSJl 

4. fck*.fcf, 184 3 fc»oT L E Dtf)*- 
*SHfc3tf4*\ *&^««3fc:«-3T«JK*m^)t:- 

[002 5] BBL*»(C»LT«rt"*l» (fcfcitf. 
865) **BBLft|Rt:«HfiLT^ft31*U. dco|g_b 
<0*<^)jiWBBLa«*»feO. 0 1 yHWHttHT** 
L<(iO . 005 yttmfiOTL^aiilTt^V^^T* 
S>i>, fctitf, «6 5 0 0-3 5 0 0K<50BKcfi[a*t 
4H6 5±<Offi»^tt«4 5&t^'4 7cOHWttBUT 
t***^ a(a«:afe5Ktc»jCLT^6. **6 5^BB 

Lfta^S-f&K^i. -e^.^«:< k t> 2 0 0 0 K*£ 
»t»ifcfeiME*=S*iC LfroBBLiM»2lK0. 0 
ly||»ffittT#4L<ttO. 0 0 5y«HlfiUaTL*» 
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H. ft b 4 0 0 0 KRX/4 0 0 0 K^feSg£*f 

jaw-tiitf. *6 6&y6 7 <Dmi>zti\^xme 5±fc:# 

«-f£:£T<7>.£U:, I16(c^£;h.&.r'£<, BBLIil 
A>£>0. 0 1 yWm(5cOKffll*ItC <-f 184 525. 

J/4 7<DmHc) GeMLT^S,, fis!-?T, .66 62W6 7 

[0026] *^Hg<7)|g3cr)»3i^:IIJfe<7)®.«C^i 
tf, B BLffi&gK&ieLTOSiSWv ti,200 
0 K^'tt^ffl*^ B B LffigE*^ 0.01 y$i#fi«T 
L£*;ft.T^&^2oca££-Mf. fcfciJf, 136 
£*U>r£<, I68li6000KM4000K(7)e 
i&mz ZtlZ'tWfc U^BBL £, 0 . Olyi 
&&&.T\-fimtlX^tc^ K-tts:h^^ m.4 525.1/4 7 
OfStfiEL-O^ ) 2o<7)j±[6 9Rlf7 0£-&XT'^ 
6. 5gf&, l86 8l±fc-?C££>M^£B£i<lh LT^SixT 

J^Jf i: 5r^h*C, 4-3r< 1 t> 2 0 0 0 K*f(fg|:ft> 
OB B LfttS*>4» 0.01 yfftm{4OTLA^TV^ 
O2o<7)*£#tfi 3&ISU4, ZiiWHzi>$i&<1?l£ 
U#S. Tttttf. ^4 3{;»-5TLED«7)fcf-7^ 
^-ft^tf *». ft* v^i*3 tc»-3 

«3SUTV^aH4BBLfttR2 1 £184 7 fc^iafctlft 

ioo27]«*«BBLm»(cssfi-*-ft^»?*tt. m 

I, *2at^3 0#»SrlOfcOJB«fc:WitLTlB«5 

ft^ t, ojjwwc t, aqt u# s z t i mm-t« * t-#> * . 

LED-f63ttmjR*>4>»aj5<l**<OC I Efi&gg 
(ix=0. 31A>Oy = 0. 33 (T=6700KXIi 
rjdtfij )#>&x = 0. 44A>oy = 0. 4 (T = 3 

oooKxti r ^i§afej ) £x-n®mm,zhhzt 
tm±L\\ burnt, mmtct>a. frfr&m*t>m& 

[0028] *»ui«>si i numzwmifZfctii . sat 

^i(A,.»Gd,)3D 5 E l2 : C e Sr-grO. Ate 
Y, Lu. Smav'La<03*.^<ttl^t 
DtiA I. Ga, Scai^I nt7>^*><7)^=5r< fct 
Ef±g£iit£#A, A-?x>0. 4T-*>£. 

4 70 nm«fc9*SV>t-?fBI»*£*-f4J&3fe*'-f 

3t^[*(i4 7 0- 5 0 0 nm^SlWcjjSI ttfift £ 
L<, i^4 7 5-4 80nm^iEfflrttft* l rt <fc 
btlf. 47 8nmX'b&Zb) W&ivfttL^. 



[ o o 2 9 ] m i <o#ar5ri*«fc:a-^ < itJtwfitfev^ 

Ttt. Ce4*>\mm\4*>bLXftmi., ZIX 

H) K»*?&&S^-. Gd^ycojl^ 
it x) a<0. 4«k'5^v^» jfcjfcWR 

A>4>Sct±i$fLi.3tWfegMS(i^^f>OfegSSt LE 
Dco&M&mb B B Lffll8fc»jfi$-li-|) . 

fcxfcf. x>0. 4T-**J:5^(A 1 .,Gd 11 )3D 
5 E 12 : Ce«JK»S*i«LTHl+tf5jSi5aifl 50 

6. LA>L=5r#^ G d#ftSrt8SDS*S-I iCt^T 

[ 0 0 3 0 ] f&mmii, Ga5r^<^WL=5rV^. $> 
ZWimmmcOG a L *»£*-ti"$\ LT ( Y, ... , G d 
„Ce z ) 3 Al 5 0 12 (itfc'U 0. 7>x>0. 4, 
-50. l>z>0T'ftl.) *^{£*C:i:*W^LV\ b 

urn*., mw&htt. xcr>mzm±o. stx-rnxzit 

hZbtfX'ZZ. MfflliJ/i. *<0flS<07E««r** 

-/*^*lttffJ (Ttt^tf. ^-y-fbry^&^^A, YF 3 
XtiA 1 F 3 ) *H5WB3it4«^. «3B««tt^»<07 

Gd 0 . 6 Ce 0 . 03 ) 3 A 1 5 0 12 a36**»fejR4it*»ft 
t*f*Uv\ £(4»i. ma^r^tf. Kfffllixyf 

[003 1 ] »2<0if»fir»afc:S'^< LEDIi. 4 7 

W-f#ltt", *^*LED{4ffiS3il[OIII-V. II — VI 
X(iiv-iVim»«tJBtS^<*»*^>f H*»fe*9 
ff-g>. irtp%> LEDIi, Ga N, ZnSeX(±SiCA> 
4>«*^Sr < b h 1 OCO^«£^ ; £ j6J» 4 
Ll\ £*:> mLEDIi4 7 0nmJ;i)^<^ 
5 0 0 nm J; ^f-?MiS^^t I nGa 

dt^fttiffin^ burnt. ^si^#F§y<7)LE 

DX«*^#F*»fc*^L E D ^Mffl-T* Z b fcf* 
S. 5rfe. 475— 480nm (^£-tff, 478n 
m) tf5e-^JBt***«at#ia'C*6. I332W54> 
W^4 3 T 4 7 0 ~ 5 0 0 n mCOmzitLWrt i> t 
- ? ^7fc?S^(i . LED OfeSH^ £ !67t«*4<OfeS® 
St SrtS^fg^ B B L &mzimzith . 

[00323 *ftwv>&3<7>vtm%®mzvtz.if. wt 
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^^(A^.GdJaDsEji! : Ce (Ttfc'U x>0. 
4T*4) Sr-ttftftt, LED«Otf-?*3teft*tt4 
7 0nmJ:9:*i*Vvr U\ ,I<0*£\ j% 

*WR<^feflBffli tLED <T)&mm t Sr l&HRIi . 
1. »2ar^3(^»»&*ll<»5JI»«tcHilLT±aBfc: 
ffi«S*iftri:<t:LTBBLft||t:«ifi-f4. JEK4 

WS^Ai-.Gd^aDgEu : Ce (fcrtfU x>0. 

*ffia**-T4LED#4 7 0 nmi 9±#V->e-?% 
Ml 3 3 . 65&tf68tiH3~6 

[00 3 3] *itfc*fU «!*<OLED-m3K*afe3fc 



SftjiCfc^Tte, S5^Gd-a-4Srqg-fSYAG : Ce" 

[0034] *w^im%%mnmmizi%to&wm 

[0035] 
[SSI ] 



+ (Y,. nGdi. iCei.n)iAliO nWL^fti^ 



s a k 


BBL*606K0MMEM (ytTO 


3 8 0 0 K 


0. 005 


4 0 0 OK 


0. 003 


5 0 0 OK 


-0. 0 0 3 


6 0 0 OK 


-0. 0 0 4 


7 0 0 OK 


-0. 0 0 0 0 9 


8 0 0 0 K 


0. 002 


1 00 0 OK 


0.0 04 


1 08 0 OK 


0.005 



[0036] [jS2] 

& 2 



4 6 0 nmffl&}fciftg£#-f 5 L £ D 
+ (Yo. .iCeo.oaJsAlsOnatJt* 



311 




4 0 0 0 K 


0.072 


5 0 0 0 K 


0.020 


5 8 0 OK 


0.005 


6 0 0 0 K 


0.002 


6 8 0 OK 


-0. 0 0 0 5 



[ 0 0 3 7 ] a 1 &V2lZnk2tlt:9tnmm>t>tofr& 

fcifltf. BBLKO. 0 1 yttmiaoieHrt (Mi 
L < « 0 . 0 0 5 y WmfiOiEHrt ) CtMtf & feSS 



so ok) ij (.jsweaaaai (^3soo- 

1 0 80 OK) (CbfcoTttaiSft.*. ftoT, *f£9J 
11. t&fcOSBfcJt*-, #3Mljfc«->T*ita*i.&SB 
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[0038] tit ll£ , mWti^1to£Z1XhR<mW7) 

[0039] mttm*>BZim%m* <)*z^t , « 
H3+tf)«3fc:m*»-9T) nmth. fctitf. 

* 1 0»Ji^|®SfeOSeiCffii)SSIgi0€i«^^i:«3 
3£»o-CjS4 9*»<ol33+<0ig3±«0^f4 lco^fc 

■oTjS4 9*»^>»3±<OjSC1 icou&i,z®m-t&. 
[004 0] ®3&lMtcip$;h.4ri <, Sfg^ag, 

vtnBzeNmh^&frbjLtt* micoim^mm 

S-tt^fL^:*^ (-f**>%, &S<9feg/lfl£*i4 5& 
tf4 7flDHt:«H* L**«fe ) 183 3 £:|g4 5 fc*53fcj£T 

sat l . a*<^s<ofeie«iBisiWffljfc<ofc«> 

JSttwfeSffiWifis 9fcjSi l fc**lfc#ttt 
4* { , C*U4H32i^4+0|»4 5J:«3t»±Srt:fflai- 

[0041] mk^mzM-thwim^nmt. 

f#4-rfc#-C£4. ;<oj:ot«^dl asus* 5 
(*3Ciai*»oT) *drt»tt6ft0t: (I4 3fcft 

SSfcS -£4 i t < . t&fcOgE i 0 1 JSv i&Boea 
4. 

[0042] *«q»>m«rllt|03]MKK:flbb£ 96* 

sraau. l»4. io?)#ji&fS3i 

*«07tB5^SilT^I). a>*>4S$8BSSWi. LEDf- 
■y77 1fc. *OLEDf-yrt»LT««Wfe:««S 

TVTi if>U — F7L—.AS:$«& 

LT 'J - H«e***ei Lfc«ff «r«LT vi-C i J: 
, J-H«7 3«LEDf--y7 , 7 lfcr«8Sfc«»L. 



tJ:->TLEDf--yr7 1 (tefcitiT. 470- 

5 0 0 n m<0**S*-f*1HSX»i1WM6<0*) SrttiB 
S-£4. 

[0043] LEDf777 U±, L E D >y 7"&t^f 
A«S7 9Srafflf&yx;U7 7^rt3?lcWA$irTV^ 

* JfAWHHL fcfc*<i\ x<+Mrv 

4. fcti**. fc(i»*.. flni£fWtfW-Sfc»fcS'x 

tit. 7t,zm*lz^tLtc&tiiWHzi>iiMm 

[0044] frfr&mwmmcom 1 <o*sFa=srflU6*i. is 

3t*f$f8 1S:*X/C^4. 3B£»£Hi. LEDf77t 
l»»L-C»lSS<lJt(A I . 1 Gd 1 )3D 5 E, 2 : Cefflfcfr 
Xti>->-^-U-r? (fcfc'U x>0. 4-C&4 
0f#4o ^*»^8 1* t m*«sT'S.4^C(i, 
^5t*er LEDf777 1 Of&ftEiCgfgCcMfll-t 4 

•rfc* { -e#4„ wmm^\tmwyy^-^x'^h 

*§-£t;:li. A^4>-vf-lx-^?rLED-?--yr7 lco% 
7tffilcBI^-t4 d t * ? f# 4 . x )V 7 7&T/mAtffl 
7 9«. 6fe*8 33&»-Ht^&a»L»*«J: dfcjfiWT 

[0045] 0814. #«BW0S2*>*HKirflHa&*L 
T^4. ^*«^8 1 ^LED^--y7°7 l±t^-f4 

80«ja«H7fl>ltSfcHt"C*6. 3Wp4fbKttS8 
Hi. WA*m7 90JHH»«rtfc:iJHtLfc»3t«£|9* 

JS^)^#4. LEDf-777 1 *^aii5SilJt#feXtiW 
It6<7)*8 5j&*S3«(c8 lA^Sctti$il^llfe^*fc& B t 
^■T4^m. -!-ix(iafe3t8 3^mi.4. 
[0046] 139 li. *%B3^3^»il=S:1fjtSr^L 
T^4. »**m8 1*LEDf--yr7 1±fc:m-r* 
it*)l,Zi'xJl>7 7±.izm*5Lt:££mm£. & 9 comm. 

am7 commtmtx'hz. M>sM«88iiiyi 

7W7 7«0f*JB±^^fi$n^**t*4^ t* { »4 L 

ma* fear. xn^m±.£wmtt&mftt 

hZb tT-^4. ^*^8 l(i. -/i/W^S^*(:i 
^BLTiiv^L. J>4^Jixx;KO^tSO±-*SI5^<OA 
^M^LTi,<J:W LEDf-777 1 T^RiiiSft*:* 

[0047] $>4^(i*7t. yi;l^7 7^yyfl/-^ 
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x. &imm2r>xi l ±3^<r)m.i l z%m.Ltz*) . 

[0048] *%0^^m4 <7)if jg^rHM<7)©.«^t¥ *. 

& . . bbl tflse ix ^zmmmz n 

MtZffi h h mt B B Uc&jg L T ^ & t <7)X'h h . t (3 

tas?-f*ifcfc**. a»?sixfcts»c«^#, bb 

^?h/U£^-£LEDA ; ffM£ix6. Stcift, iMffi 
Stitimzm-lZ .BBL trssfi LT v ^tUbOMOjA 

[ 0 0 4 9 ] SfS4 <^31&3m<3!BMfc«i5*atfefc*$ 

ti. LEDai/(x«)»je*m*«3ii-6c:fcHr3&»'5 

T*<, BttW>LED&tf (Xfi) tt#eo«36WH*a 

ft}Kga?«SBrt ce»t * - 1 £ t »*•*-* .tti 
<a\ naco-si5fcLTLED^ tmm-hi rnfuzu. 

B B L KJgifi LT v **«±*>-j£C: J; o tab Sfi S f 
-^fBlfiSfiS:*-*- *Kff*> LED ^{RXlilf A U 

<xv vc* «o l e d £ a fejtsi^airtfcEatrfuf <t 

V>. mLEDf77ll isxflsftlzEmLXfrb'J 

- vmzmwtttiifi.^. setifc. b b lcsss lt 
i>&#-<3iBfcs^vvcaR<oLED&tf (x«) mt 
mmfc&fhzthx-%h. tit in. BBuffifi 

-<^KS^vC»R<?)LED&tf (XIA) IBflffiSr 
ISIiiXiiiHJK L . f LTSIPPiiSf fifciJB-f 4 - k tfX 

[0050] 90K#fc LToaSBfcW^ifBKWPUi. 

=y 5 -y ^«3feffit J: o T & >T t A 5 T'£ & . a** 

S'jcOifiS&SSS (fcittf, rttil-g-rs 

m%mfMt-&mt. tt&m&tt&mnwHk* y vj* (c 

e0 2 ) , K-fbtfK'J-^A (Gd0 2 ) s SHb-f 

■j^a (y 2 o 3 ) amst (A 1 2 0 3 ) 

*\ y -/iW ■vb , J'7J± (Y 

F 3 ) SIX (Xi±) 7-y-ffc7VUSX>>A (A I Fj ) CO 

Z't ZM&fetitt I < li£tfL-f&mft& i ^ us *) o . 
0 2-0. 2*;U»0«arC8y^S.rfci>-C&S. Ill 
ffl<S0ttffl*5lS*. YAG : C e : G dSSfttt+fciiiHI 



ffiiimfrb&fcmt&z t i,zx^xw.^±mm-im 

tjEt) a i f 3 nZbiWMbterhZbb-c* 
[0051] mz, z o LxsG-ztuzm 1 <?>«**jp 

X{i*-3{a , |*|(ctJV^ 1 0 0 0—1 60 0 ,, CT^2 — 1 
0B#ra1lCfc^ 0 (*f & L< (i 1 5 0 o-ct-6 mmzhn 
0) «*lrt-4ifcKJ:oT«aSfl5X*±^-^*qB*Sfl 
A 1 F 3 IttWffifflS^S*^. *>*»6«tS«a7C 
#HM (7tt^ti\ 42fi£^X(i^^m) ■fCfc^T 

t\ »2eM»*ttra^y-;uxu**J»»«Eft 

-Thzt^X'^h. 

[ 0 0 5 2 ] &VVC\ m2<7)6, v ** i afe3KfiSHflggP l lt 

es^^s. -f-<oist«. *^0flcomi, m2mrm3 

«»J*flrfll3ifcraiUTJbiEt:iEaSftfcii'}. ^2co 

$ ^ s *>. h h \>az > x )i<cr > 3m±.i l zmmi- hzt ttx- 

S52<0»*kia*k36»4,l««!KSafcLE 
Df-y r±X(ii-x;l-affi±lc^^-r4 i AW* L 

tzm$m$irtrr& z t a^t-# & . frfr&tgarmi* . - 

^f-yuro/^y-^xtirDfi^v^'j r/-/^ 
y^^ux-T/ur-tx- h<vz'b zmmz 1-2% 

cOSHxX 7 J -)Vt mz 9 0 - 9 5 %<0}f!J£Ti§&? 

i>0)frt>tfLhzbi)W*L\,\ tpfrbmemt. m^m 
?m±<r)ttmj}Stx/L e Dxuis^Mzm-i wmk^ 

%&it?>zttfx'£&. w.m2tit:m2cr>$im±. te*s 

[0053] ffitftSrWAtm+CIWES-li-**^*: 

<±, m?mzfii2<7)®*bLxm&mnmi>mzmu 

[0 0 54] s/>f-U-^i:L-C<OJBfflS*-f6«3e» 

ftmco^y^u—^mm-nmizx-oxmst-tiz 

-m , Sitt^WffiXti * ^fil!^ B B B ^ffitc J:-?TiJij§ 
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[0055] ueoiKBjiKtsvvrtt, efc^^Bto 

- F . 4 =t- Y ( O LE D ) . r5X7f -f 

xrw&BX«£#5v:r££tf£ia*T£a. ft» 

[ 0 0 5 6 ] Jgfc* fc, JJEori: # i?S=5r^a(±m- 

tt ) «8o&##iB*iSKi*K::fiWB-f S £ fc fc T# * . 

[00 57] Oh, 0»*B»i: LT»a*Htt<ojM8 

Hj&»4. JSR-r & Z b % Uzm « £SSSB«0*«rfl8T* * 

[01] [02] 



[1211 ] 8!3ft<50HBB^gCOC I Efej&0T"£>&„ 

[02 ] nj|5<oHBB^B<oc i E^.rmr:hi>. 

[03] *«^«3a=5:SatO!B««c«t)&saBBilB<0 
C I Efij£0T-£>&. 

[04 ] *»Bfl<7)ijfji^||SfiC0©«{C«i54BgBH|IB<0 

C I EfeK0O4"D«*S^te^0T'J>&. 
[05 ] *»BB^ifJi^5^^©«CC6fcS5SH^IBO 
C I EfeKETA*. 

[06 ] *3%W5»ja«riat^!B«lctRt>-&iHWaaB<?) 

c i Ett®<v*<bm®<m*m?t>t>. 

[08] *w%<Qffl%&m<v#m%mmm-tmmm 
mx-hz.. 

[09] *fCT<0H8W§a«*M4^**-tlWMBrffli 
0T'J>-g>. 

7 1 LEDf 77' 
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8 3 
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1, Title of Invention 

WHITE LIGHT ILLUMINATION SYSTEM 
WITH IMPROVED COLOR OUTPUT 

2. Claims 

1 . A white light illumination system comprising a radiation source and a 
luminescent material, wherein: 

an emission spectrum of the radiation source represents a first point on a 
CIE chromaticity diagram; 

an emission spectrum of the luminescent material represents a second 
point on the CIE chromaticity diagram; and 

a first line connecting the first point and the second point approximates a 
Black Body Locus on the CIE chromaticity diagram. 

2. The system of claim l f wherein the radiation source comprises a light 
emitting diode. 

3. The system of claim 2, wherein the first line intersects the Black Body 
Locus twice. 

4. The system of claim 2, wherein the first line is tangential to the Black 
Body Locus. 

5 . The system of claim 2, wherein: 

a third point and a fourth point on the first line are located less than 0.01 
y-units away from the Black Body Locus on the CIE chromaticity diagram; 
the third point corresponds to a first color temperature; and 
the fourth point corresponds to a second color temperature which is at 
least 2000 K greater than the first color temperature. 
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6. The system of claim 5, wherein the third point and the fourth point on 
the first line are located less than 0.005 y -units away from the Black Body Locus 
on the CIE chromaticity diagram. 

7. The system of claim 6, wherein the first color temperature is 4000 K and 
the second color temperature is 6000K. 

8. The system of claim 2, wherein: 

a) the luminescent material comprises: 
(A Ia Gd,), DjE^Ce, 

wherein A comprises at least one of Y, Lu, Sm and La; 
D comprises at least one of Al, Ga, Sc and In; 
E comprises oxygen; and 
x>0.4;and 

b) a peak emission wavelength of the light emitting diode is greater than 470 
nm. 

9. The system of claim 8, wherein the luminescent material comprises (Y t . M 
Gd, Cejj Al s O I2 ; 0.7>x>0.4; and 0.l>z>0. 

10. The system of claim 9, wherein the luminescent material further contains 
fluorine. 

1 1 . The system of claim 9, wherein the luminescent material comprises a 
(Yo n Gdo.« Ceock Al 3 O l2 phosphor. 

12. The system of claim 8 wherein the light emitting diode contains at least 
one semiconductor layer comprising GaN, ZnSe and SiC having a peak emission 
wavelength greater than 470 nm but less than 500 nm. 
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13. The system of claim 12, wherein the light emitting diode peak emission 
wavelength is 475 to 480 nm. 

14. The system of claim 12, wherein the light emitting diode comprises an 
InGaN p-n junction. 

15. The system of claim 8, wherein: 

the luminescent material comprises (Y t . M Gd^ Ce z ) 3 A1 3 0 12 ; 
0.7>x>0.4; and 0.1>z>0; and 

the light emitting diode peak emission wavelength is greater than 470 nm 
but less than 500 nm. 

16. The system of claim 15» further comprising a shell containing the light 
emitting diode and an encapsulating material between the shell and the light 
emitting diode, and wherein: 

a) the luminescent material is phosphor coated over a surface of the light 
emitting diode; 

b) the luminescent material is phosphor interspersed in the encapsulating 
material; 

c) the luminescent material is a phosphor coated onto the shell; or 

d) the luminescent material is a scintillator overlying a surface of the light 
emitting diode. 

17. The system of claim 2 t wherein radiation emitted by the system 
approximates the Black Body Locus on the CIE chromaticity diagram 
substantially independent of a thickness of the luminescent material for color 
temperatures ranging from 4000 K to 6000 K. 
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18. The system of claim 2, wherein the CIE color coordinates of a radiation 
emitted by the system range from x=0.31 and y =0.33 to x=0.44 and y=0.4. 

19. The system of claim 1, wherein the radiation source comprises one of a 
laser diode, an organic light emitting diode or a radiative gas discharge in a 
plasma display or in a fluorescent lamp. 

20. A white light illumination system comprising: 

a) a luminescent material, comprising: 
(A,., Gd,) 3 DjE^rCe, 

wherein A comprises at least one of Y, Lu, Sm and La; 
D comprises at least one of Al, Ga, Sc and In; 
E comprises oxygen; and 
x>0.4; and 

b) a light emitting diode having a peak emission wavelength greater than 
470 run. 

21 . The system of claim 20, wherein the luminescent material comprises 
(Y,.*., Gd.Ce,), A1 5 0 12 ; 0.7>x>0.4; and 0.1>z>0, 

22. The system of claim 21, wherein the luminescent material further 
contains fluorine. 

23. The system of claim 21, wherein the luminescent material comprises a 
<Y aj7 Gde.fi Cca^j A1 5 0 12 phosphor. 

24. The system of claim 20, wherein the light emitting diode comprises an 
InGaN p-n junction having a peak emission wavelength greater than 470 run but 
less than 500 am. 
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25. The system of claim 24, wherein the light emitting diode peak emission 
wavelength is 475 to 480 nm. 

26. The system of claim 20, wherein: 

the luminescent material comprises (Y M . a Gd, Cejj A1 5 0 12 ; 
0.7>x>0.4; and0.1>z>0; and 

the light emitting diode peak emission wavelength is greater than 470 nm 
but less than 500 nm. 

27. The system of claim 26, further comprising a shell containing the light 
emitting diode and an encapsulating material between the shell and the light 
emitting diode, and wherein: 

a) the luminescent material is a phosphor coated over a surface of the light 
emitting diode; 

b) the luminescent material is a phosphor interspersed in the encapsulating 
material; 

c) the luminescent material is a phosphor coated onto the shell; or 

d) the luminescent material is a scintillator overlying a surface of the light 
emitting diode. 

28. The system of claim 20, wherein the radiation emitted by the system 
approximates a Black Body Locus on a CIE chromaticity diagram substantially 
independent of a thickness of the luminescent material for color temperatures 
ranging from 4000 K to 6000 K. 

29. The system of claim 20, wherein CIE color coordinates of a radiation 
emitted by the system range from x=0.31 and y«0,33 to x=0.44 and y=0.4. 
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30. A method of making a white light illumination system containing a 
radiation source and a luminescent material, comprising: 

selecting a first line which approximates a Black Body Locus on a CIE 
chromaticity diagram; 

forming the radiation source, wherein an emission spectrum of the 
radiation source is represented by a first point on the first line; and 

forming the luminescent material, wherein an emission spectrum of the 
luminescent material is represented by a second point on the first line. 

31. The method of claim 30, wherein the radiation source comprises a light 
emitting diode. 

32. The method of claim 31 , wherein the first line intersects the Black Body 
Locus twice. 

33. The method of claim 31, wherein the first line is tangential to the Black 
Body Locus. 

34. The method of claim 31, wherein: 

a third point and a fourth point on the first line are located less than 0.01 
y-units away from the Black Body Locus on the CIE chromaticity diagram; 
the third point corresponds to a first color temperature; and 
the fourth point corresponds to a second color temperature which is at 
least 2000 K greater than the first color temperature. 

35 . The method of claim 34 wherein: 

the third point and the fourth point on the first line are located less than 
0.005 y-units away from the Black Body Locus on the CIE chromaticity 
diagram. 
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36. The method of claim 35, wherein the first color temperature is 4000 K 
and the second color temperature is 6000K. 

37. The method of claim 3 1 , wherein: 

a) the luminescent material comprises: 
OV, Gd,)j D 5 E, 2 : Ce, 

wherein A comprises at least one of Y. Lu, Sm and La; 
D comprises at least one of Al, Ga, Sc and In; 
E comprises oxygen; and 
x>0.4; and 

b) a peak emission wavelength of the light emitting diode is greater than 470 
nm. 

38. The method of claim 37, wherein: 

the luminescent material comprises (Y la ., Gd, Ce,) 3 Al 5 O l2 ; 
0.7>x>0.4; and0.1>z>0; and 

the light emitting diode peak emission wavelength is greater than 470 nm 
but less than 500 nm. 

39. The method of claim 38, wherein the luminescent material comprises a 
( y o.jt Gdo.« Ce o.o3 \ A** °u phosphor and the light emitting diode comprises an 
InGaN p-n junction having a peak emission wavelength of 475 to 480 nm. 

40. The method of claim 37, wherein the step of forming the luminescent 
material comprises: 

mixing a Y 2 O s powder, a Ce0 2 powder, an Ai 2 0 5 powder, a GdO z 
powder and an A1F 3 flux to form a first powder; 
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sintering the first powder in a reducing atmosphere to form a sintered 
body; and 

converting the sintered body into a second powder. 

41 . The method of claim 40, wherein: 

the step of forming the light emitting diode comprises: 
placing a light emitting diode into a shell; and 
filling the shell with an encapsulating material; 

and wherein the step of forming the luminescent material further 

comprises: 

a) coating a suspension of the second powder and a solvent 
over a surface of the light emitting diode and drying the 
suspension; 

b) interspersing the second powder in the encapsulating 
material; or 

c) coating a suspension of the second powder and a solvent 
onto the shell and drying the suspension. 

42. The method of claim 31, wherein the radiation emitted by the system 
approximates die Black Body Locus on the CIE chromaticity diagram 
substantially independent of a thickness of the luminescent material for color 
temperatures ranging from 4000 K to 6000 K 

43. The method of claim 31, wherein the step of forming the light emitting 
diode comprises: 

selecting an existing light emitting diode having an emission spectrum 
represented by the first point on the first line; and 

placing the Light emitting diode into the illumination system. 
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44. The method of claim 31, wherein the step of forming the 
luminescent material comprises: 

selecting an existing luminescent material having an emission spectrum 
represented by the second point on the first line; and 

placing the luminescent material into the illumination system. 

45. The method of claim 31, further comprising forming at least one of 
plural light emitting diodes and plural luminescent materials based on a single 
step of selecting the first line which approximates the Black Body Locus. 

46. The method of claim 30, wherein the radiation source comprises one of 
an organic light emitting diode, a laser diode or a radiative gas discharge in a 
plasma display or in a fluorescent lamp. 
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3. Detailed Description of Invention 

BACKGROUND OF THE INVENTION 

This invention relates generally to a white light illumination system, and 
specifically to a ceramic YAG:Ce:Gd phosphor for converting blue light emitted by 
a light emitting diode ("LED") to white light. 

White light emitting LEDs are used as a backlight in liquid crystal displays 
and as a replacement for small conventional lamps and fluorescent lamps. As 
discussed in chapter 10.4 of "The Blue Laser Diode" by S. Nakamura et al., pages 
216-221 (Springer 1997), incorporated herein by reference, white light LEDs are 
fabricated by forming a ceramic phosphor layer on the output surface of a blue 
emitting semiconductor LED. Conventionally, the blue LED is an InGaN single 
quantum well LED and the phosphor is a cerium doped yttrium aluminum garnet 
CYAG"), YjAl 5 O l2 :Ce 3 *. The blue light emitted by the LED excites the phosphor, 
causing it to emit yellow light. The blue light emitted by the LED is transmitted 
through the phosphor and is mixed with the yellow light emitted by the phosphor. 
The viewer perceives the mixture of blue and yellow light as white light. 

The chromaticity coordinates of the blue LED, the yellow YAG phosphor 
and the white combined output of the LED and the phosphor may be plotted on the 
well known CIE chromaticity diagram, as shown in Figure i. The chromaticity 
coordinates and the CIE chromaticity diagram are explained in detail in several text 
books, such as pages 98-107 of K. H. Butler, 44 Fluorescent Lamp Phosphors" (The 
Pennsylvania State University Press 1980) and pages 109-110 of G. Blasse et al., 
"Luminescent Materials" (Springer-Verlag 1994), both incorporated herein by 
reference. As shown in Figure 1, chromaticity coordinates of the prior art blue 
LEDs used for white emission lie in the circle 1 on the CIE chromaticity diagram in 
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Figure 1. In other words, the chromaticity coordinates of the LED will 
be represented by a single point within circle 1, the location of the particular point 
depending on the peak emission wavelength of the LED. 

The chromaticity coordinates of the YAG:Ce 3 * phosphor are represented by 
a point along line 3 in Figure 1, depending on the level of Gd dopant on the Y 
lattice site and/or the level of Ga dopant on the Al lattice site. For example, the 
chromaticity coordinates of the YAG phosphor containing a high level of Gd and/or 
a low level of Ga dopant may be located at point 5, while the chromaticity 
coordinates of the YAG phosphor containing a low level of Gd and/or a high level 
of Ga dopant may be located at point 7. Chromaticity coordinates of the YAG 
phosphor containing intermediate levels of Gd and/or Ga dopants may be located at 
any point along line 3 between points 5 and 7, such as at points 9, 11, 13 or 13, for 
example. 

The chromaticity coordinates of the combined output of the blue LED aid 
the YAG phosphor may be varied within a fan shaped region on the CDS 
chromaticity diagram in Figure 1, bordered by lines 17 and 19. In other words, the 
combined chromaticity coordinates of the output of the LED and the phosphor may 
be any point inside the area bordered by circle 1, line 3, line 17 and line 19 in 
Figure 1, as described on page 220 of the Nakamura et al. text book. However* the 
LED - phosphor system described by Nakamura et al. suffers from several 
disadvantages. 

As shown in Figure 1, the CIE chromaticity diagram contains the well 
known Black Body Locus ( l *BBL ,, ) f represented by line 21. The chromaticity 
coordinates (i.e.. color points) that lie along the BBL obey Planck's equation: 
E(X)=AV S / (e^ - 1), where E is the emission intensity, X is the emission 
wavelength, T the color temperature of the black body and A and B are constants. 
Various values of the color temperature, T, in degrees Kelvin, are shown on the 
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BBL in Figure I. Furthermore, points or color coordinates that lie on or near the 
BBL yield pleasing white light to a human observer. Typical white light 
illumination sources are chosen to have chromaticity points on the BBL with color 
temperatures in the range between 2500K to 7000K. For example, lamps with a 
point on the BBL with a color temperature of 3900 K are designated "natural 
white," a color temperature of 3000 K are designated "standard warm white," and 
so on. However, points or color coordinates that lie away from the BBL are less 
acceptable as a white light to the human observer. Thus, the LED - phosphor 
system shown in Figure 1 contains many points or chromaticity coordinates between 
lines 17 and 19 that do not yield an acceptable white light for lighting applications. 

In order to be useful as a white light source, the chromaticity coordinates 
LED - phosphor system must lie on or near to the BBL. The color output of the 
LED - phosphor system varies greatly due to frequent, unavoidable, routine 
deviations from desired parameters (i.e., manufacturing systematic errors) during 
the production of the phosphor. 

For example, the color output of the LED - phosphor system is very 
sensitive to the thickness of the phosphor. If the phosphor is too thin, then more 
than a desired amount of the blue light emitted by the LED will penetrate through 
the phosphor, and the combined LED - phosphor system light output will appear 
bluish, because it is dominated by the output of the LED. In this case, the 
chromaticity coordinates of the output wavelength of the system will lie close to the 
LED chromaticity coordinates and away from the BBL on the CIE chromaticity 
diagram. In contrast, if the phosphor is too thick, then less than a desired amount 
of the blue LED light will penetrate through the thick phosphor layer. The 
combined LED - phosphor system will then appear yellowish, because it is 
dominated by the yellow output of the phosphor. 
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Therefore, the thickness of the phosphor is a critical variable affecting 
the color output of the system. Unfortunately, the thickness of the phosphor is 
difficult to control during large scale production of the LED - phosphor system, and 
variations in phosphor thickness often result in the system output being unsuitable 
for white light lighting applications or appearing non-white (i.e., bluish or 
yellowish), which leads to an unacceptably low LED * phosphor system 
manufacturing yield. 

Figure 2 illustrates a CIE chromaticity diagram containing the chromaticity 
coordinates at point 1 1 of a prior art YAG:Ce 3+ phosphor layer that is placed over a 
blue LED having chromaticity coordinates at point 23. Thus, the chromaticity 
coordinates of this system will lie along line 23 connecting points 11 and 23 in 
Figure 2. If the phosphor layer is thinner than required to produce white light, then 
too much of the blue LED light will penetrate through the phosphor layer and the 
chromaticity coordinates of the system light output will lie near the LED 
coordinates, such as at point 27, below the BBL. The output of this system will 
appear bluish. If the phosphor layer is thicker than required to produce white light, 
then too little of the LED light will be absorbed by the phosphor, and the 
chromaticity coordinates of the system will lie near the phosphor coordinates, such 
as at point 29, above the BBL. The output of the system will appear yellowish. 
The chromaticity coordinates of the system will lie near or on the BBL at point 31 
only if the thickness of die phosphor layer is almost exactly equal to the thickness 
required to produce acceptable white light Thus, Figure 2 illustrates the sensitivity 
of the system color output to variations in the phosphor layer thickness. 

Furthermore, the prior art LED - phosphor system suffers from a further 
deficiency. In order to obtain a white light illumination system with different color 
temperatures that have color coordinates on or near the BBL (i.e., a system that 
yields an acceptable white light for illumination purposes), the composition of the 
phosphor has to be changed. For example, if a prior an system includes a phosphor 
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having a composition whose color coordinates are located at point 11 in 
Figure 2, then the LED - phosphor system containing this particular phosphor will 
have color coordinates near the BBL (i.e., near point 31 on line 27) only for a 
narrow color temperature range between about 5800 K and 6800 K. The system 
with this particular phosphor composition does not yield an acceptable white light 
for lighting applications for color temperatures outside this range. Therefore, the 
phosphor composition must be changed in order to obtain a system which yields an 
acceptable white light for lighting applications for desired color temperatures outside 
the range of 5800 K to 6800 K. The required change in the phosphor composition 
increases the cost and complexity of the manufacturing process. The present 
invention is directed to overcoming or at least reducing the problems set forth 
above. 



BRIEF SUMMARY OF THE INVENTION 

In accordance with one aspect of the present invention, there is provided a 
white light illumination system comprising a radiation source and a luminescent 
material, wherein an emission spectrum of the radiation source represents a first 
point on a CIE chromaticity diagram, an emission spectrum of the luminescent 
material represents a second point on the CIE chromaticity diagram and a first line 
connecting the first point and the second point approximates a Black Body Locus on 
the CIE chromaticity diagram. 

In accordance with another aspect of the present invention, there is provided 
a white light illumination system, comprising a luminescent material, comprising 
(A,., Gdi ), D 3 E l2 : Ce, wherein A comprises at least one of Y, Lu, Sm and La, D 
comprises at least one of AJ, Ga, Sc and In, E comprises oxygen, x>0.4, and a 
light emitting diode having a peak emission wavelength greater than 470 nm. 
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In accordance with another aspect of the present invention, there is 
provided a method of making a white light illumination system containing a 
radiation source and a luminescent material, comprising selecting a first line which 
approximates a Black Body Locus on a CIE chromaticity diagram, forming the 
radiation source, wherein an emission spectrum of the radiation source is 
represented by a first point on the first line and forming the luminescent material, 
wherein an emission spectrum of the luminescent material is represented by a second 
point on the first line. 

DETAILED DESCRIPTION OF THE INVENTION 

In view of the problems in the prior art, it is desirable to obtain a white light 
radiation source * luminescent material illumination system whose color output is 
less sensitive to errors during the system manufacturing process, especially errors 
and variations in the thickness of the luminescent material. Furthermore, it is 
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desirable to obtain a white light radiation source - luminescent material 
illumination system capable of providing an acceptable white light for lighting 
purposes for a broad range of color temperatures without changing the composition 
of the luminescent material. Preferably, the radiation source comprises an LED. 

The present inventors have discovered that a color output of the LED - 
luminescent material system is less sensitive to manufacturing errors when the line 
connecting a point representing the LED chromaticity coordinates with a point 
representing the luminescent material chromaticity coordinates approximates the 
BBL on the CIE chromaticity diagram. Furthermore, such a system is capable of 
providing an acceptable white light for lighting purposes for a broad range of color 
temperatures without changing the composition of the luminescent material. 

The term luminescent material includes a luminescent material in powder 
form (a phosphor) and in solid body form (scintillator). The term "LED 
chromaticity coordinates'* refers to the chromaticity coordinates of the LED 
emission spectrum on the CBB chromaticity diagram. The term "luminescent 
material chromaticity coordinates* refers to the chromaticity coordinates of the 
emission spectrum of the luminescent material on the CIE chromaticity diagram. 

The line connecting the LED and luminescent material chromaticity 
coordinates may approximate the BBL curve in many different ways. In one 
preferred embodiment of the present invention, a line which intersects the BBL 
curve twice approximates the BBL curve, as illustrated in Figures 3 and 4. Figure 4 
is a close up of the middle portion of Figure 3. For example, a line 33 may 
intersect the BBL curve 21 twice at points 35 and 37. Line 33 connects the LED 
chromaticity coordinates 39 to the luminescent material chromaticity coordinates 41. 
Of course, line 33 is shown for illustration purposes only. There may be many 
other lines which connect various LED chromaticity coordinates to various 
luminescent material chromaticity coordinates and which intersect the BBL curve 
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twice. For example, the slope of the line may be varied by varying the peak 
emission wavelength, and thus the chromaticity coordinates, of the LED along line 
43 or by varying the peak luminescent material emission wavelength along line 3. 

A white light source that is considered acceptable for lighting applications is 
typically within +/- 0.01 y-units of the BBL and preferably within +/-0.005 y-units 
of the BBL. A M y-unit" is a unit along the y-axis of the CEE chromaticity diagram. 
A line, such as line 33, which Intersects the BBL curve twice approximates the BBL 
curve because many points on this line are 0.01 y-units or less away from the BBL 
curve, and preferably 0.005 y-units or less away from the BBL curve. 

For example, any point on line 33 between about 7000K and 3500K appears 
white to the human observer and corresponds to an acceptable white light source, 
because these points are located between lines 45 and 47, which delineate the space 
on the CIE chromaticity diagram containing chromaticity coordinates which are 0.01 
y-units or less from the BBL curve 21. 

Preferably, the line 33 intersects the BBL curve such that it contains two 
points which correspond to color temperatures at least 2000 K apart and which are 
0.01 y-units or less from the BBL curve 21, as illustrated in Figure 4. For example, 
points 49 and 51 corresponding to temperatures of about 6000 K and 4000 K, 
respectively, are located on line 33, 0.01 y-units or less from the BBL curve 21. 
The points that lie on line 33 between points 49 and 51 are also located between 
lines 45 and 47, within 0.01 y-units from the BBL curve, as illustrated in Figure 4. 
Thus, all these points correspond to an acceptable white light source for lighting 
applications. Furthermore, it is possible to obtain a white light illumination system 
with a broad range of color temperatures without changing the composition of the 
luminescent material, by selecting a system having color coordinates at any point on 
line 33 corresponding to color temperatures of about 10.800K and 3800K (point 
53). 
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Most preferably, the line 33 intersects the BBL curve such that it 
contains two points which correspond to color temperatures at least 2000 K apart 
and which are 0.005 y-units or less from the BBL curve 21, as illustrated in Figure 

5. For example, points 49 and 51 corresponding to temperatures of about 6000 K 
and 4000 K, respectively, are located on line 33, 0.005 y-units or less from the BBL 
curve 21. The points that lie on line 33 between points 49 and 51 are also located 
between lines 55 and 57, within 0.005 y-units from the BBL curve, as illustrated in 
Figure 5. Thus, all these points correspond to an acceptable white light source for 
lighting applications. 

In contrast, the majority of color coordinates between 4000K and 6000K 
along the prior art line 25 are not located within 0.01 y-units from the BBL. For 
example, only the color coordinates between about 5200K (point 59 in Figure 4) and 
6400 K (point 61 in Figure 4) on the prior art line 25 are located within 0.01 y-units 
from the BBL. Furthermore, only the color coordinates between about 5770K 
(point 63 in Figure 5) and 6780 K (point 64 in Figure 5) on the prior art line 25 are 
located within 0.005 y-units from the BBL. The accessible color coordinates with 
correlated color temperature below 5200K (above point 59) are located more than 
0.01 y-units from the BBL (i.e., above line 45 delineating the 0.01 y-unit distance 
from the BBL). The points on line 25 above point 59, therefore, do not correspond 
to an acceptable white light source for lighting applications. Therefore, the prior art 
system is more sensitive to manufacturing error than the system of the first preferred 
embodiment of the present invention. Furthermore, the composition of the 
phosphor of the prior art system has to be changed in order to obtain a system 
having color coordinates corresponding to color temperatures outside the 5200 to 
6400 K range, that is acceptable for lighting applications. 

In a second preferred embodiment of the present invention, a line which 
approximates the BBL curve is tangential to the BBL curve, as illustrated in Figure 

6. For example, line 65 is tangential to the BBL curve 21. Of course, line 65 is 



t 



[ 



i 



(8 2) J01-320094 ( P200 1 -ch'H94 



shown for illustration purposes only. There may be many other lines which 
connect various LED chromaticity coordinates to various luminescent material 
chromaticity coordinates and which are tangential to the BBL curve. For example, 
the slope of the line may be varied by varying the peak emission wavelength of the 
LED along line 43 or by varying the luminescent material peak emission wavelength 
along line 3. 

A line, such as line 65, which is tangential to the BBL curve approximates 
the BBL curve because many points on this line are 0.01 y-units or less, and 
preferably 0.005 y-units or less away from the BBL curve. For example, any point 
on line 65 between about 6500K and 350OK corresponds to an acceptable white 
light, because these points are located between lines 45 and 47. Preferably, the line 
65 is tangential to the BBL curve such that it contains two points which correspond 
to color temperatures at least 2000 K apart and which are 0.01 y-units or less, and 
preferably 0.005 y-units or less from the BBL curve 21. For example, the points 
that lie on line 65 on the CIE chromaticity diagram between points corresponding to 
color temperatures of 4000 K and 6000 K would be located between lines 45 and 47 
in Figure 6. In other words, all the points on line 65 between points 66 and 67 are 
located within 0.01 y-units from the BBL, Le. t between lines 45 and 47, as 
illustrated in Figure 6. Thus, all points on line 65 between points 66 and 67 
correspond to white light acceptable for lighting applications. 

In a third preferred embodiment of the present invention, a line which 
approximates the BBL curve contains two points which are at least 2000 K apart and 
are located 0.01 y-units or less from the BBL curve. For example, as illustrated in 
Figure 6, line 68 contains two points, 69 and 70, which correspond to color 
temperatures of 6000 and 4000 K, respectively, which are located 0.01 y-units or 
less from the BBL curve (i.e., points 69 and 70 are located between lines 45 and 
47). Of course, line 68 is shown for illustration purposes only. There may be 
many other lines which connect various LED chromaticity coordinates to various 
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luminescent material chromaticity coordinates and which contain two points 
at least 2000 K apart that are 0.01 y-units or less from the BBL curve. For 
example, the slope of the line may be varied by varying the peak emission 
wavelength of the LED along line 43 or by varying the peak luminescent material 
emission wavelength along line 3. Furthermore, a line which approximates the BBL 
curve may be located between the BBL curve 21 and line 47. 

It should be noted that Lines may approximate the BBL curve in ways other 
than described in the first, second and third preferred embodiments. Preferably, the 
CIE color coordinates of the radiation emitted by the LED - luminescent material 
system range from x~0.31 and y~0.33 (T=6700 K or "daylight") to x=0.44 and 
y-0,4 (T=3000 K or "standard warm white"). However, the radiation emitted by 
the system may have other coordinates that are considered to correspond to white 
color, if desired. 

In a first preferred aspect of the present invention, the luminescent material 
comprises (A,. a Gd, ^ D 5 E 12 : Ce f where A comprises at least one of Y, Lu, Sm and 
La; D comprises at least one of Al, Ga, Sc and In; E comprises oxygen and x>0.4. 
In a second preferred aspect of the present invention, the light emitting diode 
preferably comprises a light emitting diode having a peak emission wavelength 
greater than 470 nm. Preferably, the peak emission wavelength is between 470 and 
500 nm and most preferably, between 475 and 480 nm, such as 478 nm. In a third 
preferred aspect of the present invention, the white light illumination system 
contains the luminescent material of the first preferred aspect and the light emitting 
diode of the second preferred aspect. 

In the luminescent material of the first preferred aspect, Ce ions act as the 
activator ions, and are responsible for the emission of yellow light from the 
luminescent material. The Gd ions affect the color (i.e., the color coordinates) of 
the output of the illumination system. The present inventors have determined that 
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when the atomic ratio (i.e., w x n ) of Gd ions is greater than 0.4, the color 
coordinates of the light emitted from the luminescent material allow a line 
connecting these coordinates to the LED color coordinates to approximate the BBL 
curve. For example, the (A,. x Gd, ) 3 D, E 12 : Ce luminescent material having x>0.4 
emits light with color coordinates approximately between points 5 and IS in Figure 
1 . The high Gd content decreases the efficiency of the luminescent material by a 
few percent compared to a luminescent material containing little or no Gd. 
However, the improvement in the illumination system manufacturing yield 
achievable by increasing the Gd content offsets the small decrease in system 
efficiency. 

Preferably, the luminescent material contains no or trace amounts of Ga and 
comprises (Y,_„ Gd^ Ce, ) 3 Al 3 0 12 , where 0.7>x>0.4 and 0.1 >z>0. However, 
the value of M x w may be increased up to 0.8, if desired. The luminescent material 
may contain other elements, such as small amounts of fluorine, if a fluorine based 
flux such an ammonium fluoride, YF 3 or A1F 3 is used during the fabrication of the 
luminescent material. Most preferably, the luminescent material comprises a (Y 0J7 
Gdo. 6 Ceb.03 )s Al 5 0 !2 phosphor. However, the luminescent material may comprise a 
scintillator, if desired. 

The LED of the second preferred aspect may comprise any LED having a 
peak emission wavelength of greater than 470 nm and which is capable of producing 
white light when its emitted radiation is directed onto a luminescent material. In 
other words, the LED may comprise a semiconductor diode based on any suitable 
HI-V, II-VI or IV-IV semiconductor layers. Preferably, the LED may contain at 
least one semiconductor layer comprising GaN, ZnSe or SiC. Most preferably, the 
LED comprises a single quantum well LED having an InGaN p-n junction having a 
peak emission wavelength greater than 470 nm but less than 500 nm. However, 
multiple quantum well LEDs or LEDs without quantum wells could also be used. A 
peak emission wavelength between 475 and 480 nm, such as 478 nm is most 
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preferred. A peak emission wavelength between 470 and 500 nm along line 43 in 
Figures 3 and 5 allows a line connecting the LED color coordinates to the 
luminescent material color coordinates to approximate the BBL curve. 

Most preferably, according to the third preferred aspect of the present 
invention, the luminescent material comprises (A Ujl Gd,), D 5 E i2 : Ce where x>0.4 
and the LED peak emission wavelength is greater than 470 nm to allow a line 
connecting the color coordinates of the luminescent material and the LED to 
approximate the BBL curve, as described above with respect to the first, second and 
third preferred embodiments. Furthermore, the luminescent material whose light 
output color coordinates are illustrated in Figures 3-6 comprises (A t _, Gd, ) 3 D 3 E u : 
Ce where x>0.4, and the LED whose color coordinates are also illustrated in 
Figures 3-6 has a peak emission wavelength greater than 470 nm to allow lines 33, 
65 and 68 to approximate the BBL curve 21 in Figures 3-6. 

In contrast, the prior art LED - phosphor white light illumination systems 
utilized blue LEDs with a preferred peak emission wavelength of at most 465 nm, as 
shown by circle 1 in Figures 1 and 2. Furthermore, YAG:Ce J+ phosphors with a 
high Gd content were not preferred in the prior art because the high Gd content 
decreased the efficiency of the system by a few percent compared to phosphors with 
low Gd content In such prior art systems, the line connecting the phosphor and 
LED color coordinates did not approximate the BBL curve. 

The illumination system according to the preferred aspects of the present 
invention, illustrated in Table I is compared to the prior art illumination system 
disclosed in the Nakamura text book, illustrated in Table 2, below: 
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Table 1 

System = LED with 478 nm emission + (Y 0 .„ Gd,,, C% M )i M,O n phosphor 



COLOR TEMPERATURE 


COLOR COORDINATE DISTANCE 
! FROM BBL (Y-UNITS) 


3800 K 


0.005 


4000 K 


0.003 


5000 K 


-0.003 


6000 K 


-0.004 


7000 K 


-0.002 


8000 K 


-.00009 


9000 K 


0.002 


10,000 K 


0.004 i 


10,800 K 


0.005 


Table 2 

Prior Art System = 
LED with 460 nm emission + (Y o w Cco. M ) 3 A1,0„ phosphor 


COLOR TEMPERATURE 


COLOR COORDINATE DISTANCE 
FROM BBL (Y-UNITS) 


4000 K 


0.072 


5000 K 


0.020 


5800 K 


0.005 


6000 K 


0.002 


6800 K 


-.0005 



As calculated in tables 1 and 2, an exemplary system according to the 
preferred embodiments of the present invention emits light with color coordinates 
within 0.01 y-units, and preferably within 0.005 y-units from the BBL for a wider 
color temperature range (about 3,800 to 10,800 K) than a system according to the 
prior art (about 5,800 to 6.800K). Thus, the system according to the preferred 
embodiments of the present invention will be less sensitive to errors and variations 
in the luminescent material thickness than the prior art system. This leads to an 
improved manufacturing yield for a system manufactured according to the present 
invention compared to the prior art system. 
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For example, assume that the desired color of the light emitted by the 
system corresponds to the color coordinates located near points 31 and 49 in Figure 
4. In order to obtain the desired color, the luminescent material thickness should be 
equal to a predetermined value. However, due to manufacturing error, the 
luminescent material may be fabricated with a thickness greater than the 
predetermined value. 

A greater than desired luminescent material thickness results in the system 
color coordinates being shifted toward the luminescent material color coordinates 
(i.e., toward line 3 in Figure 3) along the line connecting the luminescent material 
color coordinates with the LED color coordinates. For example, the color 
coordinates of the system according to the first preferred embodiment will be shifted 
from point 49, along line 33 toward point 41 on line 3 in Figure 3. Likewise, the 
color coordinates of the prior an system will be shifted from point 49, along line 25 
toward point 11 on line 3. 

As is illustrated in Figures 3 and 4, the system of the first preferred 
embodiment allows a greater deviation than the prior ait system in luminescent 
material thickness from the predetermined value while maintaining an acceptable 
white system color output. For example, the deviation in thickness may shift the 
color coordinates of system of the first preferred embodiment all the way to point 53 
where line 33 intersects line 45, while still retaining an acceptable white color 
system output (i.e., the system color coordinates remain between lines 45 and 47). 
In contrast, the deviation in thickness may shift the color coordinates of the prior an 
system only to point 59, while still retaining a white color system output that is 
suitable for lighting applications. Any further deviation in thickness will cause the 
output of the prior an system to become unsuitable for lighting applications (i.e. the 
system color coordinates will be located between points 59 and 1 1, above line 45 in 
Figures 3-4). 
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The same advantages over the prior art system may also be obtained for 
other preferred embodiments of the present invention and also when the luminescent 
material thickness is below the predetermined value. In this case, the color 
coordinates will merely shift to the left (toward line 43) instead of toward the right 
(toward line 3). Furthermore, a system according to the preferred embodiments of 
the present invention is capable of providing an acceptable white light for lighting 
purposes for a broader range of color temperatures than the prior art system, 
without changing the composition of the luminescent material 

The white light illumination system according to the preferred aspects of the 
present invention may have various different structures. One preferred structure is 
schematically illustrated in Figure 7. The illumination system includes an LED chip 
71 and leads 73 electrically attached to the LED chip. The leads 73 may comprise 
thin wires supported by a thicker lead frame(s) 75 or the leads may comprise self 
supported electrodes and the lead frame may be omitted. The leads 73 provide 
current to the LED chip 71 and thus cause the LED chip 71 to emit radiation, such 
as blue or blue-green light having a wavelength between 470 and 500 run. 

The LED chip 71 is preferably encapsulated within a shell 77 which 
encloses the LED chip and an encapsulant material 79. The shell 77 may be, for 
example, transparent glass or plastic. The encapsulant material may be, for 
example, an epoxy or a polymer material, such as silicone. However the shell or 
the encapsulating material may be omitted to simplify processing. Furthermore, the 
shell may comprise an opaque bottom portion and a transparent top portion 
comprising glass, plastic or an opening. Furthermore, the shell 77 may have any 
desired shape in addition to the shape shown in the Figures. The LED chip 71 may 
be supported, for example, by the lead frame 75, by the self supporting electrodes. 



by the bottom of the shell 77 or by a 
lead frame. 
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The first preferred structure of the illumination system includes a 
luminescent material 81. The luminescent material may comprise the (A^ GdJ, D 3 
E I2 : Ce phosphor or scintillator where x>0.4 formed adjacent the LED chip. If the 
luminescent material 81 is a phosphor, then the phosphor may be coated over or 
directly on the light emitting surface of the LED chip 71 . If the luminescent 
material 81 is a solid scintillator, then the scintillator may be affixed to or over the 
light emitting surface of the LED chip 71. Both the shell 77 and the cncapsulant 79 
should be transparent to allow white light 83 to be transmitted through those 
elements. 

Figure 8 illustrates a second preferred structure of the present 
invention. The structure of Figure 8 is the same as that of Figure 7, except that the 
luminescent material 81 is interspersed within the encapsulant material 79, instead of 
being formed over the LED chip 71. The luminescent material 81 may comprise a 
phosphor powder which is interspersed within a single region of the encapsulant 
material 79 or throughout the entire volume of the encapsulant material. The blue 
or blue-green light 85 emitted by the LED chip 71 is mixed with the yellow light 
emitted by the phosphor 81 to appear as white light 83. 
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Figure 9 illustrates a third preferred structure of the 

present invention. The structure of Figure 9 is the same as that of Figure 7, except 
that the luminescent material 81 is coated on the shell 77, instead of being formed 
over the LED chip 71. The luminescent material 81 is preferably a phosphor that is 
coated on the inside surface of the shell 77, although the luminescent materia] may 
be coated on the outside surface of the shell, if desired. The phosphor 81 may be 
coated on [he entire surface of the shell or only a top portion of the surface of the 
shell. The blue or blue-green light 85 emitted by the LED chip 71 is mixed with the 
yellow light emitted by the phosphor 81 to appear as white light 83. 

Alternatively, the shell 77 may be made of the luminescent material 
81 in scintillator form. Of course, the embodiments of Figures 7-9 may be 
combined and the luminescent material may be located in any two or all three 
locations or in any other suitable location, such as separately from the shell or 
integrated into the LED. 

According to a fourth preferred embodiment of the present invention, the 
white light illumination system is made by the following method. First, a line which 
approximates the BBL is selected. For example, a line according to the first, second 
or third preferred embodiment of the present invention approximates the BBL. 
However, other lines which approximate the BBL may be selected. Based on the 
selected line, an LED is formed having an emission spectrum that is represented by 
a point on the line that approximates the BBL. Furthermore, based on the selected 
line, a luminescent material is formed having an emission spectrum that is 
represented by another point on the line that approximates the BBL. 
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In the method of the fourth preferred embodiment, the term 
* formed " or "forming" refers both to manufacturing an LED and/or a luminescent 
material, as well as placing an existing LED anchor an existing luminescent material 
into the white light illumination system. For example, an LED may be 14 formed" as 
part of a system by selecting or buying an existing LED that has a peak emission 
wavelength that is represented by a point on the line that approximates the BBL and 
then placing the LED into the white light illumination system. The LED chip may 
be placed into the shell and connected to the leads. Ftuthermore, a plurality of 
LEDs and/or luminescent materials may be formed based on a single line that 
approximates the BBL. For example, after selecting a single line that approximates 
the BBL, a plurality of LEDs and/or luminescent materials may be manufactured or 
selected and placed into the illumination system based on the single selected line. 

The phosphor form of the luminescent material may be made, for example, 
by any ceramic powder method, such as a liquid phase (flux) method or a solid state 
method. Preferably, the method of making the phosphor comprises the following 
steps. First, the starting compounds of the phosphor material are mixed in a 
crucible or another suitable container, such as a ball mill, to form a Hist composite 
powder. The preferred starting phosphor compounds comprise stoichiometric 
amounts of cerium oxide, CeO z , gadolinium oxide, Gd0 2 yttrium oxide, Y 2 0 3 , and 
alumina, A1 2 0 3 . If desired, a flux, such as ammonium fluoride, yttrium fluoride, 
YF 3 and/or aluminum fluoride, A1F 3 , which improves the phosphor luminosity and 
efficiency, may also be added, preferably at a concentration of 0.02-0.2 mole 
percent per mole of the phosphor produced. Use of a flux results in a small amount 
of residual fluorine to be included in the YAO:Ce:Gd phosphor. Alternatively, the 
rare earth elements may be co-precipitated from an acid solution to form a 
composite rare earth oxide powder which is then mixed with the alumina powder 
and optionally with the flux, such as A1F 3 . 
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The blended first powder is then sintered in a furnace or in a crucible for 
between about 2 and 10 hours at 1000 to 1600 °C, preferably for six hours at 1500 
°C, to form a sintered body or cake. The sintering preferably takes place in a 
reducing atmosphere, such as in forming gas or in charcoal vapors, if the A1F 3 flux 
is used. The sintered body is then milled to form a second powder. Preferably, the 
second powder is milted until it has a mean particle size of about 6 microns. The 
second powder is preferably milled in propanol or water as the milling media and 
subsequently dried. However, other milling media, such as methanol, for example, 
may be used instead. 

The second powder is then placed into the white light illumination system. 
The second powder may be placed over the LED chip, interspersed into the 
encapsulant material or coated onto the surface of the shell, as described above with 
respect to the first, second and third preferred structures of the present invention. 
Preferably, a suspension of the second powder and a liquid is used to coat the LED 
chip or the shell surface. The suspension may also optionally contain a binder in a 
solvent. Preferably, the binder comprises an organic material, such as nitrocellulose, 
in a solvent such as butyl acetate, amyl acetate, methyl propanol or propylene glycol 
mono-methyl ether acetate at a 90-95% level with 1-2% denatured ethanol. The 
binder enhances the adhesion of the powder particles to each other and to the LED 
or the shell. However, the binder may be omitted to simplify processing, if desired. 
After coating, the suspension is dried and may be heated to evaporate the binder. 
The coated second powder acts as the phosphor after drying the solvent. 

If the phosphor is to be interspersed within the encapsulant material, then the 
phosphor may be added as a second powder to a polymer precursor, and then the 
polymer precursor may be cured to solidify the polymer material. Alternatively, the 
second powder may be mixed in with the epoxy encapsulant. Other phosphor 
interspersion methods may also be used. 
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The scintillator form of the luminescent material may be made by 
any scintillator fabrication method. For example, the scintillator may be formed by 
Czochralski, float zone, or other crystal growing methods. The scintillator may 
then be placed over the LED chip or used as the shell or as a top portion of the 
shell. 

The radiation source of the white light illumination system has been 
described above as a semiconductor light emitting diode. However, the radiation 
source of the present invention is not limited to a semiconductor light emitting 
diode. For example, the white light illumination system may comprise a laser 
diode, an organic light emitting diode (OLED), a plasma display device or a 
fluorescent lamp. The radiation source may comprise a gas which produces a 
radiative discharge in response to collisions with charged particles emitted by an 
electrode. The radiation emitted by the gas is incident on the luminescent material 
coated on a portion of the system, which causes the luminescent material to emit 
yellow light. The yellow light mixed with the radiation produced by the gas appears 
white to the observer. 

Furthermore, die preferred system described above contains a single 
radiation source and a single luminescent material. However, if desired, plural 
radiation sources and/or plural luminescent materials having different emission color 
coordinates may be used in the system in order to improve the emitted white light 
or to combine the emitted white light with a light of a different color(s). For 
example, the white light emitting system may be used in combination with red, 
green and/or blue light emitting diodes in a display device. 

The preferred embodiments have been set forth herein for the purpose of 
illustration. However, this description should not be deemed to be a limitation on 
the scope of the invention. Accordingly, various modifications, adaptations, and 

alternatives may occur to one skilled in the art without departing from the spirit 
and scope of the claimed inventive concept. 
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4. Brief Description of Drawings 

Figures 1-2 are CIE chromaticity diagrams of prior art illumination systems. 

Figures 3 and 5 are CIE chromaticity diagrams of illumination systems 
according to the preferred embodiments of the present invention. 

Figures 4 and 6 are close up views of a center region of CIE chromaticity 
diagrams of illumination systems according to the preferred embodiments of the 
present invention. 

Figures 7-9 are a cross-sectional schematic views of the preferred structures 
of an illumination system of the present invention. 
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FIG. 5 
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FIG. 6 
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FIG. 8 





(6 1) >01-320094 (P2001-a9 



1. Abstract 

There is provided a white light illumination system including a blue LED 
and a luminescent material. The system color output is improved when a line 
connecting the LED color coordinates and the luminescent material color 
coordinates approximates the Black Body Locus on the CIE chromatically 
diagram. The LED may have a peak emission wavelength between 470 and 500 
nm. The luminescent material may be (Y,. x . t Go^ Ce r ) 3 Al 3 O l2 , where 
0.7>x>0.4and 0.1>z>0. 

2. Representative Drawing: Figure 3 
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